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Abstract 25 
26 
Myocardial infarction (MI) is one of leading diseases to contribute to annual death rate of 5% in the 27 
world. In the past decades, significant work has been devoted to this subject. Biomechanics of 28 
infarcted left ventricle (LV) is associated with MI diagnosis, understanding of remodelling, MI micro-29 
structure and biomechanical property characterizations as well as MI therapy design and optimization, 30 
but the subject has not been reviewed presently. In the article, biomechanics of infarcted LV was 31 
reviewed in terms of experiments achieved in the subject so far. The concerned content includes 32 
experimental remodelling, kinematics and kinetics of infarcted LVs. A few important issues were 33 
discussed and several essential topics that need to be investigated further were summarized. 34 
Microstructure of MI tissue should be observed even carefully and compared between different 35 
methods for producing MI scar in the same animal model, and eventually correlated to passive 36 
biomechanical property by establishing innovative constitutive laws. More uniaxial or biaxial tensile 37 
tests are desirable on MI, border and remote tissues, and viscoelastic property identification should be 38 
performed in various time scales. Active contraction experiments on LV wall with MI should be 39 
conducted to clarify impaired LV pumping function and supply necessary data to the function 40 
modelling. Pressure-volume curves of LV with MI during diastole and systole for the human are also 41 
desirable to propose and validate constitutive laws for LV walls with MI.  42 
43 
Keywords: left ventricle; myocardial infarction; biomechanics; constitutive law, myocardium; 44 
viscoelasticity 45 
46 
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Nomenclature47 
a pressure-volume or tension-length model constant 48 
b pressure-volume or tension-length model constant 49 
c  stress-strain or strain energy density function model constant 50 
C right Cauchy-Green deformation tensor, C = TF F  51 
 slope of the end systolic p-V relation 52 
F  deformation gradient tensor 53 
TF the transpose of F . 54 
1I first invariant ofC , 1I =tr(C ) 55 
 series elastic constant 56 
 stress-strain model constant 57 
L  instantaneous segment length of left ventricle 58 
p  left ventricular chamber/blood pressure 59 
V left ventricular chamber volume 60 
	 LV pressure during isovolumetric contraction 61 

 volume intercept of the end systolic p-V relation 62 

 velocity of shortening of cardiac muscle 63 
T tension in left ventricle wall 64 
 property constant of static stress-strain curve 65 
 Stiffness of static stress-strain curve 66 
ε Lagrange strain or circumferential natural/logarithmic strain67 
 strain rate68 
ΔLVEDV % change in LVEDV 69 
ΔLVESV % change in LVESV 70 
SL∆ phasic segment-length amplitude 71 
 parallel viscous property constant 72 
σ Cauchy stress or circumferential stress73 
ψ strain energy density function74 
Subscripts 75 
0 segment length of left ventricle at end diastole before myocardial infarction 76 
c circumferential direction 77 
l longitudinal direction78 
Abbreviations79 
2CH two-chamber 80 
2D two-dimensional 81 
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3D three-dimensional 82 
4CH four-chamber 83 
ACE angiotensin-converting enzyme 84 
ACI apical conicity index 85 
ACR conicity ratio 86 
ACS abnormally contracting segments 87 
BZ border zone 88 
CMR cardiovascular magnetic resonance 89 
CK-MB creatine kinase myocardial band 90 
CPK creatine phosphokinase 91 
CT computerized tomography 92 
CTR cardiothoracic ratio 93 
CV cardiac volume 94 
d day 95 
DTMRI diffusion tensor magnetic resonance imaging 96 
ED end-diastolic 97 
ECM extracellular collagen matrix 98 
EDL end-diastolic segment length 99 
DTPA diethylenetriamine pentaacetic acid 100 
EF ejection fraction 101 
ES end-systolic 102 
ESP end-systolic pressure 103 
ESV end-systolic volume 104 
ESVI end-systolic volume index 105 
h hour 106 
ICM ischemic cardiomyopathy 107 
LAD left anterior descending 108 
LCX left circumflex 109 
LCA left coronary artery 110 
LHD left heart dimension 111 
LGE late gadolinium enhancement 112 
LV left ventricle 113 
LVEDP left ventricular end-diastolic pressure 114 
LVEDV left ventricular end-diastolic volume 115 
LVEF left ventricular ejection fraction 116 
LVESV left ventricular end-systolic volume 117 
LVESP  left ventricular end-systolic pressure 118 
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MDCT multi-detector computed tomographic 119 
MI myocardial infarction 120 
MRI magnetic resonance imaging 121 
mth month 122 
MVO microvascular obstruction 123 
NHS National Health Service 124 
NICM non-ischemic cardiomyopathy 125 
PCA principal component analysis 126 
RCA right coronary artery 127 
SEM standard error of the mean 128 
SI sphericity index 129 
SPECT  single-photon emission computed tomography 130 
STEMI  ST-elevation myocardial infarction 131 
SV stroke volume 132 
SW stroke work 133 
VP visceral pericardium 134 
WHO World Health Organization 135 
wk week 136 
y year 137 
  138 
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1 Introduction 139 
Myocardial infarction (MI) indicates death of the clls of an area of the myocardium due to 140 
the lack of oxygen caused by obstruction of the blood supply, see Fig. 1. The myocardium has its 141 
blood supply from the two large coronary arteries such as left circumflex (LCX) and left anterior 142 
descending (LAD) arteries and their branches. Occlusion of one or more of these vessels is the major 143 
cause of MI. Based on a WHO statement, there are 17.4 million MIs worldwide every year in 144 
comparison with 15 million strokes. Survivors of MI have annual death rate of 5%, which are six 145 
times that in peoples of the same age who do not have coronary heart disease [1]. In the UK 146 
prevalence of coronary heart disease is 4.5% in the North East of England, and 4.3% in Scotland. The 147 
NHS in England spent around £6.8 billion on the disease in 2012-2013 [2].  148 
After acute MI, the left ventricle (LV) will undergo a healing processing, which includes 149 
acute ischemia (the first minutes to hours after MI), necrotic/dying phase (the first a few days), 150 
fibrotic phase (weeks and months after MI) and remodelling phase (months after MI), which is 151 
regulated by mechanical, neuro-hormonal and genetic factors [3]. During the process, the LV can be 152 
subjected to dilation, thinning of infarct zone, hypertrophy and fibrosis (collagen fibre scar) 153 
sequentially and can be in risk of heart failure or rupture [4], which remains a major source of 154 
morbidity and mortality [5]. This progressive remodelling process is an important determinant of the 155 
clinical course of heart failure [6].  156 
There have been a significant number of comprehensiv  and elegant reviews of acute MI, 157 
such as those [5] for MI various clinical features, [6, 9-15] for remodelling mechanisms, pathology 158 
and therapy, [16] for mechanisms of adverse remodelling (LV enlargement and dilation) and reverse 159 
remodelling (LV shrinkage) and prevention of adverse emodelling after MI, [17] for structural and 160 
mechanics of healing MI, [18-22] for MI therapy, [23] for MI diagnosis and treatment, [24] for acute 161 
MI earliest diagnosis, [25-29] for MI imaging, [30, 31] for heart failure due to MI, [32-34] for LV 162 
rupture and [35] for biomaterial strategies to alleviate MI, [36] for cellular, molecular mechanisms 163 
and therapeutic modalities after MI, and [37] for microvascular obstruction (MVO) post-MI to name a 164 
few so far. Their contents are no longer repeated hereby.  165 
Biomechanics of infarcted LVs is the study of the structure, function, kinematics and kinetics 166 
of infarcted LVs at organ, tissue and cell levels by employing experimental and mathematical 167 
modelling methods of mechanics. It has experienced a rapid and significant development since 1960’s 168 
and has played a vital role in MI diagnosis, understanding of remodelling, MI micro-structure and 169 
biomechanical property characterizations as well as MI therapy design and optimization.  170 
The changes in LV wall passive properties and myocardium structure were reviewed in terms 171 
of acute ischemia, necrotic, fibrotic and remodelling phases thoroughly in [17] with emphasis on MI 172 
scar healing, and a benchmark has been established in the field. In this contribution, the literature of 173 
experimental studies on infarcted LVs was sorted out in biomechanics context, i.e. kinematics and 174 
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kinetics of LV with MI at organ, tissue and microstructure levels, especially fresh literature that was 175 
published in more than 10 years after [17] was reviewed. The aim of the paper is to provide a 176 
supplement for existing review papers on the subject and help researchers develop new ideas as well 177 
as offer some evidence to biomechanics modelling of infarcted LVs. 178 
The paper covers experimental remodelling, kinematics and kinetics of LV with MI. The 179 
experimental remodelling is the basis for the understanding of the others; hence it is explained at first 180 
from the biomechanics worker’s point of view briefly. If one has been familiar with it, this part can be 181 
ignored. The experimental outcomes of LVs with MI seem to be reviewed in terms of kinematics and 182 
kinetics of biomechanics for the first time, naturally such a summary might be helpful for further 183 
investigations in these two subjects. 184 
Note that experimental studies on LVs with MI are mainly related to animal models. Here 185 
some clinical investigations based on the human, which have direct contributions to kinematics and 186 
kinetics of biomechanics of infarcted LVs, were carefully selected and included. 187 
2 Experimental remodelling 188 
2.1 MI histology 189 
MI histology includes MI size, location and morphology. The morphology mainly refers to 190 
collagen fibre microstructure in MI scar. Microscopic observation and modelling of collagen fibre 191 
growth in MI scar have increasingly become an interesting research issue. Late gadolinium enhanced 192 
(LEG) MRI is the most precise in vivo technique for determining MI size and location in LVs. MI can 193 
appear in anterior, lateral, posterior and septal positions of LVs, but commonly in anterior location. A 194 
larger anterior MI can lead to significant LV dilation. MI size can impair LV pumping function, even 195 
results in heart failure; especially, the size is negatively and linearly correlated with follow-up LVEF. 196 
The myocytes in MI zone disappear and collagen fibres will grow post-MI, the collagen fibre 197 
structure is with more organization, i.e. oriented circumferentially in MI zone near LV equator than at 198 
the apex. When acute MI occurs, the LVs need to be reperfused as soon as possible. In the MI zone, 199 
there are some isolated areas that the reperfusion is invalid, called microvascular obstruction (MVO). 200 
MVO can induce more cardiovascular complications and prompt adverse remodelling and delay LV 201 
function recovery. 202 
2.1.1 MI size and location 203 
There are four methods for measuring MI size in a LV. The first method is radioautographic 204 
method in which radioisotope-labelled microspheres in 7-10 or 20µ are injected into blood and their 205 
concentration in LV tissue is extracted from radioautograms of harvested LV tissue samples after MI 206 
and the volume with low microsphere concentration is the MI region [38].  207 
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The second method is based on the changes in cardiac marker, such as creatine phosphokinase 208 
(CPK) or creatine kinase myocardial band (CK-MB) [39] or troponin [40] in blood after MI. CPK is 209 
an enzyme in myocardial cells that is sensitive and relatively specific indicator of the extent of 210 
ischemic injury following acute coronary occlusion [39]. Based on this fact, MI size was estimated 211 
mathematically based on analysis of serial serum CPK changes [41].  212 
The third method is technetium-99m sestamibi single-photon emission computed tomography 213 
(SPECT) myocardial perfusion imaging [42], and the last method is MRI-based, late contrast agent-214 
enhanced in vivo approach. The methods for measuring infarct size have been reviewed throughout in 215 
[43].  216 
Gadophrin-2 is a new MRI contrast agent with high affinity for necrotic myocardium, and an 217 
in vivo gadophrin-2-ehnanced MRI can determine infarct size precisely based on a canine model [44]. 218 
Then a gadolinium-based contrast agent with high spatial resolution was found and used to enhance 219 
MRI for accurately identifying infarct size of acute MI [45]. This in vivo technique was employed to 220 
identify reversible myocardial dysfunction post-MI in [46]. Currently, this method has been 221 
intensively applied in infarct size estimation [47-49]. Numerous automatic algorithms for quantifying 222 
MI size accurately have been developed in [50-63]. Methods for assessment of acute MI have been 223 
recommended in [64]. 224 
Based on the rat model, for small MI size (4-30)%, which is the ratio of the MI surface area 225 
over the LV surface area, there is no discernible impairment in haemodynamics, LV pumping 226 
function and pressure generated in comparison with those of the control subjects. Rats with moderate 227 
(31-46%) infarct size, have normal haemodynamics, but reduced peak blood flow and developed 228 
pressure. Rats with infarct size more than 46% have a congestive heart failure [65].  229 
For rupture LVs, infarct zone is located at anterior (42%), lateral (21%) and posterior (37%) 230 
position of LV, respectively; for no rupture LVs, however, the zone is in anterior (66%), lateral (10%) 231 
and posterior (24%) [66], suggesting the anterior side at great risk of MI occurrence. The other survey 232 
demonstrates that infarct zone is onset in anterior (52.8%) and posterior (inferior) (47.2%) almost 233 
equally [67]. In 61 MI patients, 52.5% of them suffered from anterior MI and 47.5% from posterior 234 
MI, the patients with large anterior MI had the worst dilation course [68]. 235 
Many clinical trials, such as those in [69-77] to name a few, have exhibited that initial infarct 236 
size is a stronger and independent index to predict remodelling and mortality in patients with MI at 237 
6mth or 1y after MI than left ventricular ejection fraction (LVEF), end-systolic volume index (ESVI) 238 
and contractile reserve.  239 
For 20 acute MI patients, their MI size is decreased linearly with increasing follow-up LVEF, 240 
exhibiting a good correlation; additionally, peak troponin rises with increasing MI size lineally [78]. 241 
Similar work illustrates that there is a negative linear relationship between infarct size in patients with 242 
infarct size ≥15% at 3mth after MI, otherwise no obvious relationship between two factors [79]. The 243 
relationship between infarct size and the incidence of cardiac arrhythmias during MI was examined 244 
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[80], it turns out that the arrhythmias is positively correlated with infarct size, but also subject to a 245 
remarkably increased 1y mortality. For diabetic patients with MI, their infarct size is modestly large 246 
than non-diabetic patients, especially, the former is subject to a higher (4-6fold) mortality rate than the 247 
latter [81]. 248 
2.1.2 MI morphology and collagen fibre structure 249 
After MI, the dead myocardial tissue will be replaced by newly grown collagen fibres 250 
gradually. MI morphology is mainly associated with microstructure of these collagen fibres. In 251 
experiments made in [82], at 24h after MI in the rat LVs, there is significant collagen degradation in 252 
the infarcted zone medicated by inflammatory cell proteases.  253 
Infarct zones become the scars after MI, which mainly consist of collagen fibres of type I. 254 
Collagen orientation of dog LV was measured by using polarized light microscopy, and it was shown 255 
that the molecular organization of scar collagen increased from 1 to 6wk after MI, particularly, sub-256 
epicardial collagen fibres were obliquely alighted (-14.0±3.5o), mid-myocardial collagen fibres 257 
circumferentially alighted (-1.4±0.4o), while sub-endocardial collagen fibres obliquely alighted(-258 
12.7±2.1o) [83].  259 
In the rat LVs at 13wk after MI, collagen concentration and degree of covalent cross-linking 260 
of collagen fibrils increased in viable myocardium in comparison with the control, the scar exhibited 261 
further increase in both collagen concentration and degree of covalent cross-linking of collagen fibrils 262 
[84]. 263 
Based on the pig model, orientation of large collagen fibre in the scar was examined at 3wk 264 
after MI and the mean fibre angle was less than 30o measured from the circumferential direction. This 265 
small fibre angle allows the scar to resist circumferential stretching while deforming normally 266 
compatibly with adjacent normal myocardium in the longitudinal and radial directions. The similar 267 
results in the pig LV model can be found in [85].  268 
Three groups of infarcted pigs were employed, Group 1 was used as infarct controls, Group 2 269 
had the endocardium slit longitudinally to alter local systolic deformation and Group 3 had a plug 270 
sectioned from MI tissue and rotated 90o. The mean fibre angle cannot be altered by the endocar ium 271 
slit and plug [86]. In the rat model, infarcts near the equator of the LV stretched basically in the 272 
circumferential direction and developed circumferentially orientated collagen, infarcts at the apex, 273 
however, stretched in the circumferential and longitudinal directions and developed randomly alighted 274 
collagen [87], as shown in Fig. 2. 275 
The organization of collagen fibres was investigated in 100 swine and 95 human patient 276 
samples by reperfusion at 1wk (acute MI) and 1mth (chronic MI) after MI. there was no difference in 277 
collagen organization between the acute and chronic groups. Collagen fibres demonstrated an 278 
organized pattern in the core of the infarct scar, in the outer region, however, the fibres showed quite 279 
less organization, i.e. a significant inhomogeneity [88]. 280 
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Cardiac fibre structure at 4wk after MI in the rats was measured by using diffusion tensor 281 
magnetic resonance imaging (DTMRI) technique in [89]. It was identified that transmural courses of 282 
myofibre orientation angles in MI zone were similar to those in remote healthy zone. The newly 283 
produced collagen fibres in MI zone might maintain the original orientation of the myofibres they 284 
replace.  285 
Ultrasonic backscatter method was applied to measur the transmural shift in fibre orientation 286 
per millimetre in normal and MI cardiac tissues [90] and the shift in the MI areas is 59% bigger than 287 
that in the normal cardiac tissue (9.2±0.7°/mm).  288 
A similar result was found out in the sheep model at 6wk after MI in [91]. Further, after left 289 
ventricular surgical restoration, aneurysm plication just allowed myofibres in the anterior border zone 290 
to rotate counter-clockwise (-35.6 ±10.5o) and those in the lateral border zone to rotate clockwise 291 
(34.4±8.1o), suggesting surgical restoration technique might fail to restore normal myofiber 292 
transmural orientation angle profiles. 293 
For the rat and pig models, healing scars increase in collagen content with time, but still are 294 
structurally isotropic at 1, 2, 3 and 6wk after MI [92]. In the unloaded rat LVs with MI, collagen fibre 295 
deposition can increase significantly in the remote region and the collagen fibre orientation becomes 296 
more disorder in the MI zone compared with the LVs without unloaded condition [93]. 297 
2.1.3 Microvascular obstruction 298 
MVO is known as the ‘no-reflow’ phenomenon in infarcted region due to injury to 299 
microvasculature, i.e. capillary, and subsequent obstruction by erythrocytes, neutrophils and debris 300 
caused from reperfusion after MI [94]. MVO was identified by using contrast-enhanced 301 
echocardiography and MRI successfully and it was found that the extent of MVO was unchanged at 302 
2d and 9d after reperfusion based on the dog model [95]. The other study showed that the extent of 303 
MVO increased significantly over the first 48h after MI by employing gadolinium-DTPA-enhanced 304 
MRI [96]. Patients with MVO had more cardiovascular complications than those without MI at 10d 305 
after MI, in follow-up MRI (at 16mth post-MI), the patients with MI were related to fibrous scar 306 
formation and LV remodelling [97]. 307 
LGE and MRI 3D-tagging were conducted at 4h to 6h and 48h and 10d on the dogs after 308 
reperfusion post-MI and the circumferential, longitud nal and radial strains and the first principal 309 
strain were determined from images. Extent of MVO had better and independent value to predict LV 310 
volume than the total infarct size did. The first principal strain was strongly and inversely correlatd 311 
with relative extent of MVO in infarcted tissue, and extent of MVO could reduce circumferential and 312 
longitudinal strains as well as radial thickening i infarcted zone [98]. 313 
The size and transmural extent of reperfused infarct in patients decreased from week 1 to 314 
week 8 after MI, especially for MIs with MVO, unfortunately, regional and global LV function for 315 
infarcts with MVO didn’t improve more significantly than the function for infarcts without MVO did 316 
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[99]. A similar investigation demonstrated that presence of MVO was related to more extensive 317 
infarcts and resulted in more marked adverse remodelling and delayed LV function recovery [100]. 318 
Seventy-one patients with MI underwent cardiovascular magnetic resonance (CMR) imaging, 319 
myocardial tagging and LGE at 2-6d after reperfusion, regional circumferential and radial strains and 320 
corresponding strain rates, absolute and relative wall thickening were determined in 16 segments. 321 
Strains could discriminate more precisely between non-i farcted myocardium and infarcted 322 
myocardium with and without MVO than wall thickening index. Peak circumferential strain was the 323 
most accurate index of regional LV function in comparison with absolute and relative wall thickening 324 
[101].  325 
2.2 Observed remodelling process 326 
Remodelling process is the recovery process of partial loss of LV normal pumping function 327 
from around the 2nd-5th day post-MI. In the process, infarct zone undergoes expansion and extension. 328 
Expansion means regional dilation and thinning of the area of infarction, but extension indicates the 329 
occurrence of additional myocardial necrosis caused from reperfusion. The infarcted zone is shrunk 330 
along with compensatory expansion of remote zone, ad collagen fibres start to deposit to form a scar 331 
up to 6wk. A remodelling process is favourable to lowering LV diastolic pressure and increasing 332 
cardiac blood output, but a sustained LV dilation can lead to LV dysfunction. If LV function is 333 
recovery in terms of stroke volume and ejection fraction (EF) after a remodelling process, then this 334 
remodelling process is called reverse remodelling, otherwise adverse remodelling.  335 
Clinical studies showed severe expansion did not develop until 5d after MI (59% of 76 336 
patients) [102]. Twenty-one transmural and 18 non-tra smural infarcts of 1-11d of ages in the dog 337 
model were created, and their expansion was observed in terms of survival day. For infarcts, the 338 
survival day was correlated negatively and linearly with a variable expressed by infarct size (the ratio 339 
of the infarct weight to the LV weight) and extent of expansion (the ratio of the infarct circumferential 340 
length to the non-infarct circumferential length) [103].  341 
In 84 rats, infarcts were developed by ligation of the left coronary artery (LCA) and 342 
investigated at 1, 2, 4, 5 and 7d. Expansion was observed in 61% of transmural infarcts at 1-2d, in 65% 343 
at 3-4d and 80% at 5-7d. The percentage of rates with severe expansion rose from 0% at 1-2d, to 23% 344 
at 3-4d to 65% at 5-7d. This infarct evolution was roughly two-fold of that of human and the critical 345 
infarct size for severe expansion is at least 17% [104].  346 
Infarcts in 22 rats were produced and their lengths, circumferences and areas of the LV, of the 347 
infarcted myocardium and of the non-infarcted myocardium were observed at 2 and 21d. It was 348 
shown that early changes (in 2d) in structure post-MI included LV tissue loss accompanying with LV 349 
chamber dilation, and later changes (in 2-21d) were composed of shrinkage of infarcted tissue along 350 
with compensatory expansion of non-infarcted tissue [105].  351 
11 | P a g e  
 
Temporal changes in infarct collagen and LV topography during healing after MI were 352 
measured with 132 dogs under coronary artery ligation condition at 1, 2, 7d, 2, 4 and 6wk. In the first 353 
7d, LV cavity dilation and infarct expansion emerged, and then infarct contraction and thinning as 354 
well as collagen deposition were followed up to 6wk. Thinned infarcted segment and collagen 355 
deposition are responsible for LV regional shape distortion post-MI [106]. 356 
Dogs were anesthetized, marker positions in their LVs were recorded and 3D coordinates 357 
were reconstructed before and 1, 24h and 1wk after infarction. At 1h after MI, ED areas in infarct are 358 
increased by 20.3% above the control compared with 7.9% in the remote region; at 24h post-MI, both 359 
the regions expanded by additional 10.0%; at 1wk, the infarct ED area was 31.4% above the control, 360 
but the remote area decreased to 8.5%. Thus, infarct dilation emerges in 1h post-MI along with remote 361 
dilation as a compensatory response. Even though the infarct area is maintained to dilate sustainably, 362 
the non-infarct region compensatory dilation becomes less by 1wk [107].  363 
LV volume index and haemodynamic pressure of 29 MI patients were studied between 4d and 364 
4wk post–MI. LV volume index reduced in patients with small infarcts and increased considerably in 365 
patients with moderate and large infarcts in 4d-4wk, but filling pressure did not show any noticeable 366 
changes. LV dilation is structural and compensatory f  increased stroke volume [108]. A similar 367 
study demonstrated that LV dilation was still progressive and suffered from declined ejection fraction 368 
(EF) and constant stroke volume. This suggests that the dilation is no longer compensatory from 4wk 369 
post-MI [109].  370 
MI patients were divided into LV no dilation (38), limited (18) and progressive (14) groups, 371 
their LV volume and haemodynamic parameters were obs rved at 4d, 4wk, 6mth, 1.5 and 3y. Patients 372 
with no dilation were in normal LV volume and haemodynamic parameters until 3y. Patients with 373 
limited dilation exhibited increased LV volume and depressed stroke volume up to 4wk, but the LV 374 
volume was stabilized thereafter, the stroke volume was recovery after 4wk and remained. For the 375 
patients with progressive dilation, their LVs were in dilation and the stroke volume was restored by 376 
4wk, but the latter was deteriorated progressively after 4wk [110]. This implies that a sustained LV 377 
dilation can result in LV dysfunction. 378 
66 patients with acute MI were underwent LGE CMR evaluation after reperfusion at baseline 379 
(1wk), early follow-up(4mth) and late follow-up(14mth) and subject to the reduced mean infarct sizes 380 
such as 25±17, 17±12 and 15±11g, respectively [111]. This fact suggests infarct healing is continuous 381 
process with the most notable reduction in infarct size within 4mth after reperfusion.  382 
Geometry and hemodynamic changes of LV in 30 patients were monitored on admission and 383 
at 2wk after their first acute MI by using echocardiography and catheter to characterise LV 384 
remodelling process. The magnitude of remodelling process is directly proportional to infarct size, 385 
and the remodelling can improve hemodynamic indexes such as lower LV diastolic pressure and 386 
increased cardiac blood output but must be expense of a substantial enlarged LV chamber volume 387 
[112].  388 
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2.3 Remodelling mechanism 389 
A simple negative feedback model has been proposed by [11, 113] to represent the 390 
mechanism for LV remodelling after MI. The mechanism is described by five steps in the following: 391 
(1) after MI, both systolic and diastolic dysfunction occurs due to loss of contractile function392 
of the infarcted myocardium, resulting in a decreased EF, increased LVESV, LVEDV and LVEDP; 393 
(2) peripheral mechanisms are mediated through the sympathetic nervous system and394 
circulating catecholamine maintain a normal arterial blood and cardiac output by altering preload and 395 
afterload, leading to an increased LV diameter, LVESP and LVEDP, eventually an elevated ED and 396 
ES wall stress as well as progressive dilation and thinning;  397 
(3) infarcted zone is in healing to form firm scar to resist increased wall stress, if the mature398 
scar is unable to resist the elevated wall stress, then LV rupture may emerge; 399 
(4) in non-infarcted zone, high level in wall stress may stimulate volume-overload400 
hypertrophy [113, 114], in consequence, myocyte elongation and wall thickening allow systolic and 401 
diastolic wall stress to return to normal level.  402 
A similar but more complicated remodelling mechanism is provided in [3] and no longer 403 
repeated here.  404 
2.4 Cellular mechanism for remodelling 405 
LV dilation and thinning during remodelling process has underlying cellular deformation 406 
mechanisms. Infarct expansion and thinning are due to decreased number of myocytes and myocyte 407 
stretch and reduction of intercellular space of collagen fibres. Remote zone expansion and thinning 408 
are caused by side-to-side slippage of myocytes. 409 
The number of collagen fibres per unit area in the wall and the number of fibres between the 410 
epicardium and endocardium were measured by using phase contrast microscopy and correlated with 411 
the ventricular volume and wall thickness for 8 rats’ hearts fixed by glutaraldehyde perfusion. 412 
Average interstitial space between fibres (centre to centre separation) was calculated from these 413 
measurements. Increasing LV volume is related to decreased wall thickness and fibre diameter, 414 
however, the decreases in wall thickness are 3-4 times greater than the decrease in fibre interstitial 415 
space, suggesting a dimensional paradox, which may be associated with a mechanism of sliding 416 
planes between groups of muscle fibres [115]. 417 
The LVs of eight open-chest dogs arrested in diastole at various times (15min, 45min and 2h) 418 
after coronary artery occlusion and sarcomere lengths were measured with electron microscope in 419 
cardiac wall of ischemic and normal regions [116]. It is found that considerable overstretch appears in 420 
the ischemic region immediately after the occlusion because partial disengagement and rupture in the 421 
actin filaments of sarcomeres.  422 
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To understand the mechanisms of LV wall dilation and thinning, transverse histologic 423 
sections of infarcted rat LVs were studied at 1, 2 and 3d after MI. Human LVs from five patients 424 
(three died in 3d post-MI and two without coronary disease) were examined histologically in a similar 425 
way. In infarct zone, a decrease in the number of myocytes across LV wall contributes most LV wall 426 
thinning, and myocyte stretch and reduction of intercellular space accounts for minor wall thinning. In 427 
non-infarct zone, myocyte slippage is responsible for all wall thinning [117]. A similar study 428 
demonstrated that side-to-side slippage of myocytes was associated with LV dilation and remodelling 429 
after MI [118]. If myocytes are lost nearly 40% or more in LV infarct zone, decompensated eccentric 430 
LV hypertrophy occurs after MI [119, 120].  431 
The collagen network was examined on the rat hearts obtained at 1, 2, 3, and 4d after MI by 432 
using polarized light microscopy. A loss of inter-myocyte collagen struts and a reduction of interstitial 433 
space between fibres were found, which is consistent with a mechanism that LV expansion proceeds 434 
in terms of slippage of myocytes held by the collagen struts [121]. 435 
Twelve sheep LVs were studied before and at 8wk after MI and myocyte volume and length 436 
in adjacent to infarct zone were greater than in remot  non-infarct zone, but regional intra-myocardial 437 
circumferential shortening was correlated inversely with myocyte volume and length in adjacent to 438 
the infarct zone [122]. 439 
Based on the mouse model, myocyte apoptosis in remote region from MI zone was measured 440 
at 1, 4 and 6mth after MI. In myocardium remote from the infarct zone, LV wall was thickened, and 441 
myocyte apoptosis was increased, which could be related to LV dysfunction during remodelling [123].  442 
For the pig LV model, at 3wk after MI, non-infarct tissue was remodelled in such a way that 443 
it expanded in the fibre and cross-fibre directions simultaneously [124]. 444 
2.5 Remodelling intervention 445 
Since LV remodelling after MI may be adverse and can make LV dysfunction eventually. If 446 
the remodelling is intervened by using physical or pharmacological methods to alter the remodelling 447 
process, then the remodelling can be reverse. Remodlling intervention has been initiated since 1950’s 448 
and has become a promising and active research area presently. 449 
Thrombolytic therapy is a physical method for limiting infarct size by making infarct artery in 450 
patency [125]. Pharmacologic method or intervention p tentially minimizes infarct expansion and LV 451 
dilation [126-128], angiotensin-converting enzyme (ACE) inhibitor [12,3,127-132], placebo, 452 
isosorbide mononitrate, β-adrenergic blockers [11], glucagon [129], and nitroglycerin [5, 127] etc. are 453 
commonly used in pharmacologic intervention after MI.  454 
It was shown that remodelling of extracellular collagen matrix (ECM) could play an 455 
important role in LV remodelling after MI. In prevention of LV remodelling, protecting ECM during 456 
remodelling after MI is an important aspect [132]. Reperfusion and ACE inhibitor can disrupt ECM. 457 
Pharmacologic interventions protecting ECM after MI should be a future priority. 458 
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Recently, more physical therapies have been developed to relieve remodelling effect after MI 459 
by injecting some biomaterials, such as self-assembling peptide nanofibers [14], calcium cross-linked 460 
alginate hydrogel [133], alginate and fibrin [134], dermal filler [135], calcium hydroxyapatite-based 461 
tissue filler [136,137], hyaluronic acid hydrogel [138,139], collagen [140] or by placing chronic 462 
pacing in the MI regions [141] or by removing the infarct region surgically [142] or by supporting LV 463 
with constraint device [143].  464 
3 Experimental kinematics of LV 465 
Kinematics of LV is the study on motion characteristics of a LV during cardiac cycles and 466 
can be characterised in terms of LV shape, volume, regional function and strain in myocardium. 467 
These parameters can be measured by using in vivo techniques, such as MRI, ultrasonography, CT 468 
and son on. After MI, the LV shape, volume, regional function and strain vary and exhibit useful 469 
features which are potentially utilised in MI clinical diagnosis and remodelling process assessment. 470 
On this subject, a large body of literature has been accumulated so far.  471 
3.1 LV shape and its change 472 
Initially, LV shape is described by using Fourier shape-power index. It is also indicated by 473 
LV endocardial surface curvature or sphericity index (SI), which is defined as the aspect ratio of LV 474 
(the ratio of the short to long axis lengths) in 4CH and 2CH views at ED or ES. The update variables 475 
of SI such as apical conicity index (ACI) or apical onicity ratio (ACR) commonly are increasingly 476 
adopted to evaluate LV shape, especially in the apex because anterior MI often creates a blunter apex 477 
shape. Presently, reconstructed 3D LV-based principal component analysis (PCA) becomes one 478 
advanced method for identifying differences in LV shape among patients. 479 
The outer contour of LV in a four-chamber (4CH) image of x-ray contrast ventriculography 480 
was fitted with a Fourier series of 8 components, and the Fourier shape power is defined as the sum of 481 
the normalized 2nd through 8th component power, which is the sum of the square of sine and cosine 482 
amplitudes in each component. It turned out that LV shape could be described more accurately by 483 
using Fourier shape-power index rather than circula (Gibson) shape index and eccentricity for normal 484 
LVs and the LVs in patients with aortic and mitral v vular regurgitation [144]. 485 
The LV wall thickness in six regions in short-axis v ew images of the rats was measured at 1, 486 
2 and 3d and it was found that wall thinning extent a d increased radius of curvature in the MI zone 487 
with expansion were independent of infarct size [145].  488 
Curvature at any point on the endocardial contour of 4CH ED and ES echocardiaograms of 68 489 
patients with anterior MI at 24h and 1y post-MI was c lculated and compared with that in normal LVs. 490 
It was indicated that curvature analysis can identify the geometrical changes induced by MI [146].  491 
Large infarct was created in the rat LVs, and ED and ES volumes were measured, and 492 
diastolic and systolic stresses in LV wall were estima ed with ellipsoidal model [147]. LV 493 
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circumferential radius of curvature is increased in remote region, but LV longitudinal radius of 494 
curvature is enlarged in the whole LV, while the apic l sphericity is increased substantially based on 495 
MRI tagging results of sixteen patients with reperfused anterior MI at 5d [148]. The large infarct led496 
to increased ED and ES volumes and wall stresses, epecially, a change of the LV from ellipsoidal to 497 
cylindrical. It was shown that increasing LV SI as an independent predictor of decreased 10y survival 498 
rate after MI [149]. 499 
MI can make a geometrical change near LV apex, but LV sphericity index is unable to 500 
identify this change. Hence ACI was proposed to quantise the geometrical change near the apex. ACI 501 
is defined as the ratio the diameter of a circle by which the endocardial contour near the apex is best 502 
fitted to the short axis length in 4CH view. It was shown that ACI of LVs with anterior infarction was 503 
different significantly from normal LVs while SI remained the same, especially, in the case where 504 
anterior MI resulted in a less conical or blunter apex shape [150].  505 
Likewise, ACR, which is the ratio of the area of apex surface to the area of apical triangle in 506 
2CH view, was proposed to evaluate the apical geometrical alternation induced by MI. For LVs with 507 
aneurysm after MI, ACR differed significantly from normal LVs, but SI and ACI showed little 508 
variation [151].  509 
Based on long-term clinical and echocardiographic results of LV dilation treatment post-MI, 510 
the strategy of emphasis on LV shape rather than on LV volume can lead to a better survival 511 
probability after the LV surgery [152,153].  512 
To identify differences in remodelling process between ischemic cardiomyopathy (ICM) and 513 
global non-ischemic cardiomyopathy (NICM) for patien s with anterior MI, LV geometrical models at 514 
ES and ED were built from multi-detector computed tomographic (MDCT) images, and the difference 515 
in LV shape between current LV configuration and aver ged LV configuration was decided by using 516 
PCA [154]. PCA coefficients could capture significant LV shape difference at ED and ES and PCA 517 
method is feasible to quantify regional shape differences at ES during MI remodelling process.  518 
PCA was applied to derive remodelling model based on MRI atlas of 300 patients with MI 519 
images [155]. Twenty shape models at the end of diastole and systole were determined by using 520 
logistic regression, the progression of MI over time, and effects of treatment were captured. 521 
The LVs of eight patients with aneurysms after MI were reconstructed based on fast cine-522 
angiographic computed tomography slices at ED and ES and LV wall thickness, curvature and stress 523 
index were calculated [156]. According to the wall thickness and curvature, aneurysmal, border and 524 
remote zones were specified. The stress level/index increases from the remote zone to the aneurysm. 525 
Border zone geometrical feature was measured by using 2D [157] and 3D [158] 526 
echocardiography on a few sheep LVs after acute MI. Decreased wall thickness and curvature in the 527 
border zone after MI were observed. These two effects can raise the wall circumferential stress level 528 
by 12% [157]. 529 
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3.2 LV chamber volume and pressure 530 
LV chamber volume includes end diastolic volume (LVEDV) and end systolic volume 531 
(LVESV) and EF, LV chamber pressure involves end diastolic pressure (LVEDP) and end systolic 532 
pressure (LVESP). These characteristic volumes and pressures represent LV pumping function and 533 
can be altered post-MI. Usually, the larger the LV chamber, and the higher LVEDP, the more the LV 534 
pumping function is impaired. LVESV is an excellent predictor of survival after MI in comparison 535 
with EF and LVEDV. The changes in LVEDV, LVESV and EF between 5mth and 4d after MI can be 536 
used to classify remodelling types. LVEDP is increased post-MI, and patients with 537 
LVEDP >30mmHg will suffer from the highest possibility of death or heart failure. 538 
LVs of 125 patients were examined by electrocardiography after the first acute MI at 2, 6, 539 
12mth, 5 and 7y [159]. At 5y of follow-up, 68% of patients with normal sized LV were alive 540 
compared with 47% of patients with enlarged LVs. This suggests that the mortality of the former is 32% 541 
in comparison with 53% in the latter. 542 
Based on the dog model, LVEDP was measured at various MI sizes. LVEDP increased from 543 
7mmHg to 20mmHg with increasing MI size, and stroke index decreased from 30 to 20ml/beat/m2 544 
approximately with increasing LVEDP [160].  545 
The distance from the midline of the LV border, i.e. external left heart dimension (LHD) was 546 
measured on roentgenograms serially in 125 patients after MI at baseline, 24h, 2d, 2wk, 2, 6mth, 1.5 547 
and 2y etc. The mortality of patients with enlarged LVs was 26% at early stage (<4wk) compared 548 
with 4% with normal LV size. At late stage (>4wk), the mortality was 24% in comparison with 8% 549 
with normal LVs [161]. This fact indicates LHD is a useful predictor of survival and mortality post-550 
MI.  551 
LV function of 19 closed-chest dogs was measured at 3-4wk (early stage of scar formation) 552 
and 6-8wk (late stage of scar formation) after MI. In both the early and late stages, the infarcted LV 553 
had normal LVEDV and normal isovolumetric velocity-force length relationships but elevated 554 
LVEDP as well as reduced velocity of shortening during ejection [162]. 555 
LVEDV, LVESV and EF of 49 patients in 2-12mth after MI were determined by biplane 556 
ventriculography and heart size was calculated from chest films by using cardiothoracic ratio (CTR) 557 
and cardiac volume (CV) methods. There is a linear r lation between LVESV and LVEDV and a 558 
hyperbola relation between EF and LVEDV, respectively. The smaller the LV chamber size 559 
(<150ml/m2), the wider range the LV function; but the larger the LV size, the more severe the LV 560 
dysfunction (EF<0.3) [163].  561 
Impairment of LV function was quantitated by measuring LVEDV, LVESV, EF and severity 562 
of coronary arterial occlusion and stenosis in 605 male patients at 1 to 2mth after a first or recurrent 563 
MI and the survivors of these patients in 15-165mth [164]. It was demonstrated that LVESV is the 564 
primary predictor of survival after MI than EF and LVEDV. 565 
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LV volume of fifty-seven patients in the convalescent period of acute MI was measured by 566 
making use of radionuclide method at 2wk and around 1y post-MI, and the median end-diastolic 567 
volume index increased from 90 to 112ml/m2, the median end-systolic volume index from 51 to 568 
61ml/m2 and median stroke index from 39 to 47ml/m2. The patients with anterior MI exhibited more 569 
dominant increase in those parameters and were at significant risk of heart failure [165]. 570 
Biplane diastolic circumference and contractile and non-contractile segment lengths were 571 
measured using biplane ventriculography in 52 patients with anterior MI at 3wk and 1y post-MI. 572 
Further, LV global geometry was assessed with SI and regional geometry was evaluated with 573 
endocardial curvature [166]. LVEDV increased from baseline to 1y due to increasing contractile 574 
segment length and SI, but the non-contractile segment length decreased. The anterior-basal, inferior 575 
and margins of the MI became flattening, and the anterior wall showed a less bulging. LV 576 
enlargement after MI is caused from an increase in contractile segment length and a change in LV 577 
geometry rather than from progressive MI expansion.  578 
Based on 2D transthoracic echocardiograms of 412 patients at mean 11.1d post-MI and of 420 579 
survivors at 1y, LV cavity areas at ED and ES were obtained and LV function was assessed in terms 580 
of percent change in cavity area from end diastole to nd systole [167]. Baseline LV systolic area and581 
percent change in area were strong predictors of cardiovascular mortality and adverse remodelling.  582 
A LV dilation model after MI was proposed in [168] based on LVEDV and LVESV. In the 583 
model, LVESV and LVEDV at any time after MI can be calculated by an exponential function of 584 
LVEDV index and LVESV index as well as time along with six regression coefficients. LVEDV 585 
index is composed of LVEDV of baseline or LVEDV at 3d post-MI, male gender, peak CPK; 586 
similarly, LVESV includes these parameters but LVES of baseline or at 3d after MI. The high risk 587 
LVEDV, LVESV and LVEDV+LVESV indices at 6mth post-MI are 63, 30 and 88ml/m2, respectively.  588 
LVEDP is an essential measures of LV performance and may discriminate patients at 589 
increased risk for developing heart failure after acute MI. LVEDP of 744 acute MI patients over 590 
36mth post-MI were analysed in [169]. It was shown that the mean LVEDP is 23±9mmHg and 75% 591 
of patients with an LVEDP being higher than 15mmHg; especially, patients with an 592 
LVEDP>30mmHg were at the highest risk of death or heart failure.  593 
Images of cine MRI and LGE of 46 patients within 7dfollowing primary percutaneous 594 
coronary intervention for acute ST-elevation myocardial infarction (STEMI) with follow-up at 1y 595 
were taken and co-registered and local LV dilation was assessed [170]. Local LV remodelling 596 
between baseline and follow-up (percentage of LV expansion) within MI region was greater than in 597 
non-infarcted myocardium.  598 
MI can cause LV adverse remodelling, i.e. LV enlargement and dilation to result in heart 599 
failure and mortality. Potential thresholds of LV remodelling were identified based on the murine 600 
model by using MRI with LGE in [171]. MI size >36% at 2d after MI is the best single predictor for 601 
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adverse remodelling at 30d, and LVESV >32ml is an excellent predictor, too. Further, the combined 602 
two factors can achieve the highest predictive values for the adverse modelling at 30d.  603 
The changes in LVED, LVESV and EF of 40 reperfused STEMI patients, i.e. ΔLVED, 604 
ΔLVESV and ΔEF between 5mth and 4d after MI were determined by using CMR, and cut-off values 605 
for ΔLVED, ΔLVESV and ΔEF to well predict EE<50% at 5mth in 146 reperfused STEMI patients 606 
were obtained [172]. By using 12% of both ΔLVED and ΔLVESV, four important patterns of LV 607 
remodelling are identified, namely, reverse remodelling, no remodelling, adverse remodelling with 608 
compensation and adverse remodelling as shown in Fig. 3. 609 
3.3 LV regional function 610 
LV regional function is the local contracting ability of myocardium in MI, border and remote 611 
zones, respectively, post-MI. This issue came to be noticed since 1970’s. The regional function is 612 
usually in terms of segmental shortening of myocardium which can be obtained experimentally only. 613 
The segmental shortening of myocardium is measured by using sensors implanted in LV wall 614 
traditionally in vitro; the best way for measuring the segmental shortening is in vivo MRI tagged 615 
currently. It was shown that a difference in segmental shortening in both the circumferential and 616 
longitudinal directions between border and remote zones exists from 1wk to 6mth post-MI. Since 617 
experimental data are very in shortage, quantitative conclusions cannot be achieved presently.  618 
The relationship of abnormal regional myocardial performance to LV function 1-12mth post 619 
transmural MI was established by identifying abnormally contracting segments (ACS) of 24 patients 620 
with biplane angiocardiography in [173]. The patients with heart failure had a very low EF (<0.30) 621 
and a quite larger ACS (>23%) where ACS was expressed a  a percentage of the LV circumference at 622 
ED. EF and LVEDP could be correlated to ACS with quadratic and linear regression equations, 623 
respectively. 624 
Regional myocardial function was observed by using ultrasonic dimension gauges in open-625 
chest dogs after acute coronary artery occlusion. In the ischemic segment, an instant systolic 626 
dysfunction was observed and end-diastolic segment length (EDL) was reduced by 11%, segment 627 
stroke work was smaller by 91%, and diastolic pressure-length curve was moved and steepened. In the 628 
margin segment, active shortening and stroke work were decreased by 37%, but the EDL increased by 629 
4%. In the remote/control segment, active shortening increased, followed by compensatory operation 630 
of the Frank-Starling mechanism [174,175]. 631 
Regional myocardial function was studied by checking LV EDL changes with pairs of 632 
ultrasonic gauges and a micro-manometer implanted in the sub-endocardium of the dog LVs in 4wk 633 
from MI occurrence [176]. Correlations were found between EDL and EDL shortening. Hyper-634 
function in normal regions and variable segmental loss of contractile function along with reduction of 635 
sub-endocardial dimensions were presented.  636 
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Under anterior-apical infarct condition for the sheep, MRI tagged images in short-axis and 637 
long-axis were obtained before and 1, 8wk and 6mth after infarction [177]. A difference in 638 
circumferential and longitudinal segmental shortening between adjacent and remote healthy 639 
myocardium occurred at 1wk and existed up to 6mth. This difference is responsible for LV cavity 640 
dilation, eccentric hypotrophy and lengthening of non-infarcted segment during LV remodelling. 641 
The difference in regional function of infarcted LV is related to reduced LV systolic wall 642 
thickening in the central MI zone and increased systolic wall thickening in remote [178]. 643 
For 25 acute LV patients, the remote myocardium demonstrated reduced systolic thickening 644 
of dysfunction/ECM expansion within one week after MI [179], such expansion is coupling with 645 
infarct healing.  646 
3.4 LV myocardial strain and growth strain 647 
LV myocardial strain is the LV wall strain in a cardiac cycle when a LV at end-diastole or 648 
end-systole is referred to be reference configuration. LV growth strain is the strain at end-diastole or 649 
end-systole at a late date when the LV at another early date is used as reference configuration at the 650 
same end of cardiac cycle. The myocardial strain demonstrates the deformation in LV wall during a 651 
cardiac cycle, but the growth strain specifies the deformation caused from LV mass growth over days 652 
or months or even years. 653 
3.4.1 Myocardial strain 654 
Myocardial strain has been measured by tracking radiopaque markers implanted in LV walls 655 
in vitro since 1990’s. Currently, MRI tagged with LGE has become the major in vivo method for 656 
strain measurements. The principal strains and their orientation vary from MI zone to border zone (BZ) 657 
and remote zone, their magnitudes reduce during remodelling process. It is interesting that peak 658 
systolic longitudinal strain is a good predictor of adverse remodelling and reverse remodelling. The 659 
derivatives of circumferential and longitudinal strains with respect to time, i.e. circumferential and 660 
longitudinal strain rates are a predictor of heart failure.  661 
Rat LV 2D strains were measured on infarcted LV’s surface with a triangle of white dots at 662 
the mid-ventricle with titanium oxide powder at 2wk after MI. It was shown that the passive loading 663 
strains are smaller in the MI zone along the collagen fibre and cross-fibre directions, and the collagen 664 
fibre tortuosity decreases with LV pressure in the MI and remote zones but not significant, suggesting 665 
that collagen fibre structure in the MI zone may be different from that in the remote [180].  666 
Mathematical modelling tools were developed to obtain 3D strain field in the posterior, lateral 667 
and septal walls in LVs of the mice based on MRI tagged images with LGE at baseline, 1, 7 and 28d 668 
post-MI. For the principal 3D contraction strain, permanent dysfunction in the MI zone, intermediate 669 
function in the BZ and maintained function in the remote zone are exhibited, respectively [181]. 670 
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In seven sheep, 3D deformation of their LVs was tracked by tissue tagging in short- and long-671 
axis planes with MRI, the principal strains and systolic in-plane translation and rotation were 672 
calculated. The magnitudes of the 1st and 2nd principal stains are reduced in both the planes at 1wk 673 
after MI and the principal directions also vary [182]. 674 
Regional epicardial strain profiles were measured by using radiopaque markers in the canine 675 
LV with MI, and the BZ for fibre strain is quite narrower than that for cross-fibre strain and 676 
considerably wider for LAD coronary occlusion than LCX coronary occlusion [183].  677 
Based on the porcine model, principal systolic strains were calculated from the strain 678 
components of MRI 3D tagged sequence in infarcted region, BZ and remote zones at baseline, 1wk, 679 
and 4wk after MI [184]. The maximum and minimum principal strain magnitudes were lowered with 680 
remodelling in progress.  681 
Another piece of ultrasound study showed that both longitudinal and circumferential strain 682 
rates are predictive of heart failure, and circumferential strain rate can strongly predict LV 683 
remodelling at 20mth [185]. However, another piece of work showed that peak systolic longitudinal 684 
strain respectively with cut-off thresholds, such as -(12.8-10.2)% and -(13.7-9.5)% can predict 685 
adverse remodelling and reverse remodelling accurately based on a meta-analysis on 3066 MI patients 686 
[186]. 687 
3.4.2 Growth strain 688 
Growth strain is measured by tracking 0.7-1mm diameter gold beads implanted in LV walls in 689 
vitro with biplane cineradiography or video-fluoroscopy presently. Since such measurements are few, 690 
a consistent conclusion from them is hard to be reached. Basically, the radial systolic growth strain is 691 
more significant than the circumferential and longitudinal strains, and the latter two are comparable in 692 
magnitude from 3wk onwards after MI. 693 
Three columns of four to six gold beads in 1mm diameter were implanted in the LV anterior 694 
free wall in five dogs and bead positions were tracked before and after LV enlargement induced by 695 
creating a systemic arteriovenous fistula [187]. Continuous ED transmural growth strain distributions 696 
were gained by fitting the three columns of the bead with the edges of single bilinear-quadratic finite 697 
elements. Growth strain was calculated from the ED control configuration to the ED hypertrophy 698 
configuration. The distributions of the circumferential and longitudinal components of the strain were 699 
uniform and positive. Since the radial growth strain was small, growth was significantly parallel to the 700 
epicardial tangent plane was suggested. The in-plane fibre and cross-fibre components of the growth 701 
strain were positive across the wall with nearly equal in magnitude, thus growth in the cross-fibre 702 
direction was substantial.  703 
Gold beats were implanted in the LV free wall of five pigs and were tracked by using biplane 704 
cineradiography to reconstruct the 3D deformations of the myocardium in single cardiac cycle and the 705 
remodelling deformations presented at 1 and 3wk [188]. Systolic strains were determined by end 706 
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diastole of a given cardiac cycle as the reference configuration and end systole of the same cycle as 707 
the deformed/current configuration. However, remodelling strains were calculated by specifying end 708 
diastole at one time as the reference configuration and end diastole at later time as the current 709 
configuration. There was permanent loss of systolic strains at 1wk, but large shears at 3wk in the 710 
infarct region. The remodelling circumferential strain was the largest and the radial strain was the 711 
smallest but the longitudinal one was in between in magnitude at 1wk. At 3wk, the radial strain was 712 
the most dominant, and the longitudinal strain was the shortest (near zero), while the circumferential 713 
strain was in between in magnitude.  714 
Three transmural columns of four 0.7mm diameter bead sets each were implanted across the 715 
mid-lateral equatorial region wall of a sheep LV and bead images were recorded using biplane video-716 
fluoroscopy after MI at 1wk and 8wk [189]. Systolic strains and remodelling/growth strains were 717 
calculated by fitting beat displacements with finite element method. The lateral LV wall, which is 718 
adjacent to the MI, grown longitudinally by more than 10%, thinned by more than 25% and 719 
lengthened circumferentially by more than 5% at 8wk. 720 
4 Experimental kinetics of LV wall 721 
Kinetics of LV is the study on relationships between force and motion in LVs. A LV must be 722 
expanded passively to be filled by the blood from the pulmonary artery, but also contract actively to 723 
discharge the blood into the aorta. The biomechanical properties of LV myocardium include passive 724 
and active behaviours, and usually can be described by using force-velocity relation, stroke work-725 
LVEDP curve, end-systolic p-V relation, diastolic p-V curve, pressure-length relation, stress-strain 726 
curve, relaxation or creep curves and rupture threshold.  727 
4.1 Force-velocity relation 728 
Force-velocity relations are the application of the well-known Hill three-element (i.e. 729 
contractile element, series elastic element and parallel elastic element) force-velocity equation for 730 
skeletal muscle in shortening [190] into a piece of cardiac muscle or an intact LV. A series of pioneer 731 
work on this topic can be found in [191-194] for the cat right ventricular papillary muscle and [195] 732 
for the rabbit papillary muscle as well as [196-201] for the dog healthy intact hearts in vitro based on 733 
thin-walled spherical LV model.  734 
Notably, the acute cardiac failure induced by pentobarbital or pronethalol in the dog LVs can 735 
reduce the extent of circumferential fibre shortening by 30% in average [202]. The relationships of 736 
velocity of shortening with isovolumetric pressure were extracted based on spherical LV model and 737 
the assumption that contractile element velocity was equal to the series elastic elongation in terms of 8 738 
patients in [203]. The instantaneous isovolumetric velocity of shortening during the isovolumetric 739 
contraction is expressed by 740 

 = 	 ⁄  	⁄  (1)741 
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where 
 is the velocity of shortening, 	 is the LV pressure during the isovolumetric contraction, 742 
 is the series elastic constant, =2.5mm
-1 for the cat right ventricular papillary muscle [204]. The 743 
maximum velocity of shortening has been attempted to correlate with various heart lesions [205,206].  744 
Effects of acute regional MI on LV pumping function were identified by using the thin-walled 745 
spherical LV model based on 40 anesthetized dog LV models, and it was shown that the isovolumetric 746 
force-velocity curve of the same dog LV during coronary artery occlusion is shifted downwards and 747 
to the left in comparison with before the occlusion at the same LV volume [207]. This implies that LV 748 
wall will generate a smaller active tension during coronary artery occlusion than before the occlusion 749 
at the same LV volume. 750 
4.2 Stroke work-LVEDP curve 751 
Stroke work (SW) is defined as the integral of LV pressure with respect to LV volume in a 752 
cardiac cycle, i.e.  753 
 = ∮
                                                            (2) 754 
in reality, however, SW is commonly estimated by making use of mean LV pressure ̅	 in ejection, 755 
LVEDP and LV stroke volume (SV). The expression for SW estimation is written as [199] 756 
 = 
 × ̅ −  
!"                                                   (3) 757 
It was shown that the -LVEDP curve of the LV with MI rises as LVEDP increases and is 758 
shifted to the left with a smaller slope compared with that in the healthy dog LV [202].  759 
4.3 End systolic p-V curve 760 
Usually, end systolic p-V or LVESP-V relation is the p-V curve at ES. The curve represents 761 
the residual LV chamber volume and pressure after a LV finishes its systolic stroke, and is 762 
independent of loading conditions. A large residual LV chamber volume and a high pressure mean a 763 
poor LV pumping function. Thus, the curve can asses LV contractile/pumping function explicitly. 764 
MI alters the volume intercept of a LVESP-V curve more considerably than does the slope of the 765 
curve. Additionally, the curve moves rightwards in comparison with that before MI occurs, depending 766 
on MI size, collagen content and LV dilation. 767 
The end systolic p-V relation of seven chronically instrumented dogs wa measured in vitro 768 
when circumflex coronary artery occlusion occurred [208]. It turned out that the end systolic p-V data 769 
of each dog can be best fitted by the following linear relation before and after coronary artery 770 
occlusion 771 
 = 
 − 
                                                           (4) 772 
where  is LV end-systolic pressure, 
 is LV end-systolic volume, 
 is the volume intercept of the 773 
end systolic p-V relation, and  is the slope of the relation. Before occlusion, the means of slope and 774 
intercept of seven dogs are  =6.9± 2.1mmHg/ml and 
 =10.1± 7.8ml, while they are 775 
=6.7±2.6mmHg/ml and 
=20.4±9.8ml after occlusion, showing 
  is statistically significant 776 
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before and after occlusion(P<0.005) [208]. A similar conclusion can be found in [209]. This fact 777 
demonstrates that MI affects mainly on the volume intercept and the LVESP-V curve exhibits a 778 
rightwards shift phenomenon. 779 
 As a further investigation of [208], the change rate of LVESP with time is obtained by taking 780 
the first derivative of  with respect to time , namely 781 
 ⁄ =  ⁄ 
 − 
                                                   (5) 782 
and the maximum derivative  $%&⁄  was identified. It was indicated that occlusion of LV LCX 783 
coronary artery can induce a rightward shift of the  $%&⁄ -volume curve with an increased volume 784 
intercept of 11.3±5.3ml compared with the normal condition[210].  785 
More recent work demonstrated that the existence of healing MI scars can alter the end 786 
systolic p-V relationship to shift rightwards and to impair systolic LV function at 1, 2, 3 and 6wk after 787 
MI in the infarcted rat LVs [92], depending on MI size, collagen content and LV dilation.  788 
The global active stiffness in intact LV in anesthetized dogs was measured in vitro after MI at 789 
1h and 2-3wk by using three methods. In these MI periods, the global active stiffness of LVs varied, 790 
but markedly reduced after scaring and thinning were completed [211].  791 
4.4 Diastolic p-V curve 792 
Diastolic p-V curves represent LV diastolic function. A large LVEDV and a low LVEDP 793 
mean a better LV diastolic function. MI can change th  p-V curve position and shape. Usually, a LV 794 
p-V curve moves to the left as soon as at 1h after MI with an increased stiffness or a reduced 795 
compliance compared with the normal LV. After 3d post-MI, the curve gets normal. The p-V curve 796 
shape is described by the curve slope-stiffness or its reciprocal-compliance. Diastolic p-V curves can 797 
be expressed mathematically with an exponential functio  and the slope  
⁄  has a linear 798 
relationship with , the slope of a linear  
⁄ −  curve rises after MI, suggesting MI makes a 799 
diastolic p-V curve stiffer. 800 
LV systolic function was studied by using the curve of LV developed pressure as a function 801 
of LVEDP in eight intact conscious dogs before, at 1h and 6-8d after MI during transient aortic 802 
occlusion with balloon catheter [212]. The LV developed pressure is defined as the difference of LV 803 
peak systolic pressure minus LVEDP. The LV function curves were depressed greatly at 1h post-MI 804 
but showed a recovery trend towards the control at 1wk. 805 
Post-mortem p-V curves and pressure-length curves were measured in the dogs at 3-5d after 806 
MI. The length of infarcted and remote regions was obtained by using mercury-in-silastic segment 807 
length gauges. Post-mortem p-V curves exhibited reduced compliance in comparison with the normal 808 
LV. The compliance of the pressure-length curves in the MI zone was higher than the remote zone, 809 
while the compliance of pressure-length curves in the remote zone was nearly identical to that of the 810 
normal LV [213].  811 
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LV wall compliance was assessed by calculating the compliance (
 ⁄ ) of diastolic p-V 812 
curves measured in vitro in eight normal dog LVs and in five LVs at 1h after MI. The mean p-V curve 813 
of five LVs after MI was shifted to the right of the mean curve of eight control LVs. As a result, the 814 
compliance increased to 17.54ml/mmHg from 10.10ml/mHg [214]. For the rat model, a similar 815 
result at 26d after MI was identified as well [215].  816 
After experimental infarction in dog models was created, diastolic stiffness was increased by 817 
21%, and isovolumetric relaxation was slowed by 51% in terms of the minimum slope of diastolic 818 
pressure-time curve [216]. 819 
The p-V curve of a LV is usually an experiential function f p, thus the LV wall stiffness is 820 
expressed with a linear relationship 821 
 
⁄ = ' + )                                                          (6) 822 
where the slope of this function a was called the passive elastic modulus/stiffness. Based on LV 823 
catheterization data after MI at 2-25h, a=0.005 for normal LVs, a=0.011 for 13 patients with coronary 824 
artery disease, and a=0.045 for 12 patients with acute MI. A further increase in wall stiffness was 825 
observed with the development of acute MI, 87% patients with 0.5mmHg/ml wall stiffness or 826 
2ml/mmHg wall compliance died of power failure during the acute stage of MI [217]. 827 
Diastolic p-V curves of the rat LVs were measured ex vivo at 3, 24h, and 3, 5d, and more than 828 
22d after MI. Before 3d, the diastolic p-V curves moved to the left of the normal LV and gets stiffer; 829 
at 3d, the p-V curve is restored to the normal curve; but after 3d, the curves are shifted to the right of 830 
the normal curve, showing a less stiff trend [218], as shown in Fig. 4. 831 
p-V loops were measured in vivo by using colour echocardiography and catheter at 6wk in 832 
rabbits post-MI and sham. The loop at 6wk showed a larger early diastolic volume and higher early 833 
diastolic pressure, but a lower systolic pressure and a larger LVESV compared with the loop of the 834 
sham [219]. 835 
4.5 Pressure-length relation 836 
 Pressure-length curves are the curve of LV chamber pressure against the segmental length of 837 
two gauges implanted in LV walls in a cardiac cycle. Based on the pressure and the LV spherical 838 
membrane mechanics model, i.e. the Laplace’s law, the tension in the LV wall can be worked out, 839 
eventually, the tension-length curves become available. Such a representation of LV kinetics is 840 
popular in 1970’s only and it has been replaced with s ress-strain relations presently. It was 841 
demonstrated that diastolic pressure-length curves were shifted to the right and the tension in LV wall 842 
can be expressed with an exponential function of segmental length. 843 
Typical systolic and diastolic tension-length curves of cardiac wall were provided in [200] as 844 
ischemia occurred in the anterior descending coronary artery during both diastole and systole based 845 
on the dog model. It was illustrated the systolic tension-length curve goes down significantly in the 846 
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ischemia state from the normal state, but the diastolic tension-length curve remains unchanged 847 
basically. 848 
LV myocardial segment lengths were measured by using an epicardial mercury-in-sliastic 849 
gauge and LV pressure-length loops were presented before and after anterior descending artery 850 
occlusion in 11 dogs. It was shown that LV systolic function was deteriorated rapidly after occlusion 851 
in terms of the pressure-length loop area, and the ED pressure-length curve was shifted to the right, 852 
exhibiting increased diastolic compliance [220].  853 
Serial in situ measurements of segment length were carried out by employing mercury-in-854 
sliastic gauges sutured directly to the LV surface of dog at 1h and 6h after MI in one cardiac cycle, 855 
and the LV function was presented by using LV pressure in terms of normalized segment length-856 
muscle length which was defined as the ratio of the phasic segmental length to the ED segment length. 857 
The pressure-muscle length curves at 1h and 6h after MI all move to the right of the curve of the 858 
control and the ED muscle length is the maximum at 1h after MI and the minimum in the control, 859 
while the length at 6h post-MI is in between [221], as shown in Fig. 5. At 6h after MI, LV wall losses 860 
contractile function and the slope of passive pressure-length curve became stiffer compared with the 861 
control [222].  862 
Regional segmental motion after MI in seven dog LVs was measured by employing a pair of 863 
ultrasonic crystals implanted in LV wall during the withdrawal of 500ml of blood and the transfusion 864 
of 800ml of blood, and the tension in LV wall was estimated by using the Laplace’s law for a simple 865 
spherical membrane model [223]. The tension-length curves after MI were moved to the right 866 
compared to the control case, the blood withdrawal and transfusion allowed the tension-length curves 867 
to shift to the right even further. The relationship between tension and length of LV segment is 868 
exponential, such as  869 
* = +,-10 × ' ×   ⁄  + )0  (7) 870 
where * is tension in LV wall,   is the instantaneous length of a MI segment and  is the length at 871 
ED before MI occurs, ' and ) are the parameters fitted by using tension-length scattered data.  872 
4.6 Uniaxial stress-strain curve 873 
Uniaxial stress-strain curve is the stress-strain curve of a specimen of myocardium in uniaxial 874 
elongation in passive state. For isotropic materials a uniaxial stress-strain curve represents the 875 
material constitutive law exactly. For anisotropic materials like myocardium, uniaxial stress-strain 876 
curves in multiple direction are required. For myocardium with MI, experimental uniaxial stress-strain 877 
curves are rather lack. It was indicated that uniaxial stress-strain curves of myocardium with MI are 878 
exponential in terms of strain, the exponent in the curves is constant in remote zone and varies a little 879 
in 10d after MI.  880 
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Specimens from the infarcted region of the LVs in 58 rabbits killed were harvested at 4h and 881 
1, 2, 5, and 10d after MI, and the stress-strain data were obtained after the specimens were elongated 882 
simply [224]. Based on the exponential constitutive law 883 
1 ⁄ = 1 + 2                                                                 (8) 884 
for soft bio-tissues in [225], the data points of stress-strain curves were best fitted and the parameter  885 
was plotted versus time after MI. In remote zone, it is =10.6, and there is no significant variation in 886 
 over 10d in MI region [224].  887 
Isolated strips of rabbit myocardium from acutely ischemic (non-infarcted), acutely infarcted 888 
(24h after MI) and healed infarct (3wk and 5wk post-MI) zones were repeatedly stretched under a 889 
cyclical load with amplitude 2.0g/mm2 (afterload under LV physiological condition) or 0.2g/mm2 890 
(preload under LV physiological condition) for 1h at 4Hz. Under the preload condition, the produced 891 
elongation was so very small that it was reversible with strip unloading. Under the afterload condition, 892 
the elongation was irreversible in acutely ischemic tissue and 15wk-old scar, implying the stress in MI 893 
region could influence LV geometry and remodelling post-MI [226].  894 
4.7 Biaxial force-extension curve 895 
Biaxial force-extension or stress-stretch or stress-strain curves of myocardium in passive state 896 
are the relationship of force or stress with extension or stretch or stain measured under the condition 897 
where a squared planar specimen is elongated in two in-plane directions simultaneously on a material 898 
testing machine. The curves specify the in-plane anisotropic property of the myocardium specimen. 899 
The passive biaxial property of myocardium is better approximate to the true passive biomechanical 900 
property of myocardium than the passive uniaxial property does. However, the extension ratio 901 
between two directions during stretching can affect the tested results, and how to select the ratio to 902 
mimic the physiological condition of myocardium is tricky. The experimental data points are related 903 
to each other in two directions in biaxial tensile tests. If published experimental data are presented in 904 
curves, they hardly can be used to develop a constitutive law because the data points in two directions 905 
recorded at same time moment are not identified in curve digitization process unless they are listed in 906 
a table. Existing biaxial experimental data of myocardium with MI are a few. Basically, the stress in 907 
MI and remote regions is in peak at 1wk then is reduced. MI scar at 3wk post-MI is nonlinear and 908 
isotropic. 909 
Biaxial force-extension measurements were performed on squared specimens freshly 910 
harvested from remote, non-infarcted and infarcted myocardium in sheep LVs before and 4h, 1wk, 911 
2wk and 6wk after MI. In the infarct myocardium, Cauchy stresses at 15% extensions increased in 4h, 912 
peaked at 1-2wk, and then reduced in MI region at 6wk after MI, see Table 1. For the stresses in the 913 
remote zone, a similar time course occurred in lesser extent than the infarcted region, and collagen 914 
content was unrelated to infarct stiffness but increased after 6wk [227]. 915 
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Infarct scar samples (10-15mm per side, 1-2mm thin) arvested from rat LVs wall at 3wk 916 
after MI were stretched by using biaxial testing devic  [92]. Since the collagen fibres have not 917 
exhibited a preferred orientation at 3wk, an isotropic nonlinear homogeneous constitutive law is 918 
proposed as the following to fit the experimental sress-stretch data [92] 919 
( )21 3c Iψ = −                                                              (9) 920 
where ψ  is the strain energy density function, c  is model constant determined from the experimental 921 
stress-stretch data, 1I is the first invariant, 1I =tr(C ), C  is the right Cauchy-Green deformation tensor, 922 
C = TF F , F  is deformation gradient tensor, TF  is the transpose of F . 923 
In [135], the circumferential and longitudinal specimens of infarct myocardium of sheep LV 924 
at 8wk after injecting calcium hydroxyapatite-based tissue filler in 3h post-MI were stretched on a 925 
biaxial testing machine, durable infarct thickening and stiffening were observed.  926 
4.8 Viscoelastic property 927 
Viscous property of soft tissue is the viscous resistance to stretch in passive or active state. 928 
Such a property in small bundles of cardiac muscle harvested from the apex and base of a ventricle 929 
was identified in 1940’s [228]. Since 1960’s this pro erty has been clarified in detail by employing 930 
papillary muscle of mammalian animals under varying experimental conditions, namely cyclical 931 
loading, variable strain rate, creep and relaxation [228-234].  932 
4.8.1 Basic viscoelastic model of healthy LV 933 
Based on 13 healthy dog intact LV models, the diastolic pressure-circumference curves were 934 
obtained in stepwise haemorrhage and transfusion of blo d, the viscosity and inertia of LV wall could 935 
alter the curves to some extent, showing a viscoelasticity in the wall during diastole [235]. Subsequent 936 
experiments identified that filling rate [236] and heart rate [237,238] could influence the diastolic 937 
pressure-volume curve. The viscoelastic properties of normal LVs of 15 conscious dogs were 938 
investigated under acute increasing systolic and diastolic loading conditions by establishing the 939 
relationships between circumferential stress and natural/logarithmic strain in terms of ellipsoidal shell 940 
model in [239]. The static stress-strain curves were obtained by fitting the stress-strain data points i  941 
diastasis by using exponential function. It was shown that the short-term series viscous properties due 942 
to dynamic loadings were negligible, while parallel viscous property was significant and could be 943 
modelled with a function of strain rate, the total stress is estimated by the following relationship [239] 944 
1 = 3+45 − 16 +                                                    (10) 945 
where 1 is the circumferential stress,  is the circumferential natural strain,  is the strain rate, ,  are 946 
the property constants of the static stress-strain curve, and  is the parallel viscous property constant, 947 
i.e. the viscosity. For the normal LVs of the dog, the viscous properties were nonlinear and increased 948 
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with circumferential length, but also related to incomplete ventricular relaxation in early diastole 949 
[240].  950 
In patients with congestive cardiomyopathy [241] and hypertrophy [242], the stiffness  and 951 
viscosity  are increased compared with normal LVs. For the dog m del, the stiffness  is normal in 952 
partial, but increased in complete coronary occlusion [243].  953 
4.8.2 Viscoelastic property of LV with MI 954 
Eq.(10) with =0 has been applied to investigate effects of global ischemia on the diastolic 955 
properties of LV in the dog in vitro [244]. It was shown that the diastolic mid-wall circumferential 956 
stress-strain curve shifted upwards and to the left with ischemia, suggesting a decrease in LV chamber 957 
compliance in the diastolic p-V relationship.  958 
Scar tissue strips were stretched to obtain their elasticity based on the rabbit model to identify 959 
effects of early reperfusion and late reperfusion on post-MI healing by applying 4Hz phasic 960 
physiological stretch or continuous stretch as illustrated in Fig. 6 [245]. The 4Hz phasic physiological 961 
stretch was approximate to 200-300beats/min with a pe k LVESP of 180mmHg. The viscoelastic 962 
properties of the scar tissue were examined by stress r laxation, i.e. the time-dependent decrease in 963 
force of the scare specimen held at a constant strain, and creep, i.e. the time-dependent elongation of 964 
the scar specimen held a constant force.  965 
Reperfusion at 1h after MI does not influence scar tensile strength measured at 1wk post-MI, 966 
but reduces the strength measured at 3wk, see Fig. 7. The tensile strength of the scars with reperfusion 967 
at 3h post-MI is quite lower than that of the scars with non-reperfusion due to significant low collagen 968 
content in the former. Myofibre holds the minimum tensile strength in comparison with the scar tissue.  969 
The stress-strain curves and tangential stiffness k- tress curves are illustrated in Fig. 8. The 970 
stress-strain curve of the scar tissue with reperfusion at 3h post-MI is the stiffest, and the curve of the 971 
healthy myocardium is the softest, the rest curves ar  in between. 972 
Effect of reperfusion on viscoelastic properties at 3wk after MI is shown in Fig. 9. Stress 973 
relaxation is in terms of % decrease in stress from an initial stress level of 3g/mm2 at a length held for 974 
5min, but creep is expressed by % increase in length i  5min at a constant stress of 3g/mm2 applied. 975 
The scar tissues exhibit more significant stress relaxation, but less creep effect compared with the 976 
healthy myocardium. The viscoelastic properties of the scar tissues are affected less by reperfusion.  977 
4.9 LV rupture threshold 978 
Cardiac rupture is a complication of acute MI. The incidence of the rupture can cause 979 
immediate death at a rate of (4-24)% in all infarction deaths [246]. Most rupture is related to anterior 980 
MI (55%), and posterior MI (47%) [247] and typical rupture site is illustrated in Fig. 10. The LVs 981 
with rupture were with more narrowing coronary artery in comparison with the patient group without 982 
rupture [247].  983 
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Rupture threshold is important to assessment of ruptu e occurrence, and usually is measured 984 
in vitro. For intact LVs, LV chamber pressure at rupture can be used as rupture threshold. For 985 
myocardial strips, the tensile strength and strain at rupture can serve as rupture threshold. The ruptu e 986 
threshold of normal LV myocardium is lower than MI scar tissue in terms of tensile strength. Tensile 987 
strength at rupture varies across LV wall, but strain doesn’t. Reperfusion doesn’t affect rupture 988 
threshold. Rupture threshold may depend on age of MI, but existing experimental results are 989 
inconsistent.  990 
Collagen formation and mechanical resistance of infarcted LV to stretch and rupture were 991 
measured in 36 rabbits from 1d to 8d after MI, and the rupture pressure (644mmHg) in the infarcted 992 
LV was not remarkably different from that of the healthy LV on days 1-8. LV rupture occurred more 993 
frequently on days 1-4 (59%) than on days 6 and 8 (18%). Wall stress at the point of rupture in normal 994 
LVs was 30g/mm2, for the scar strips at 7d, was 59g/mm2 [248].  995 
Rupture threshold was measured by using balloon technique in 26 dog LVs without infarction 996 
and 44 dog LVs with anterior infarction 1d-6wk after MI. Rupture threshold in non-infarcted LVs was 997 
higher than in infarcted LVs. Rupture threshold in infarcted LVs depended on time after MI, for 998 
example, the rupture threshold decreased after 2wk,and the mean threshold for 3-6wk was smaller 999 
than that for 1d-2wk. Passive LV stiffness in infarcted LVs was higher than for non-infarcted LVs 1000 
[249]. 1001 
The tensile strength, strain at rupture, and stiffness of necrotic epicardium, mid-myocardium, 1002 
endocardium, sub-epicardium, and visceral pericardium (VP) were measured based on isolated 1003 
myocardial strips of the dog LVs at 24h after MI and compared with those of non-infarcted 1004 
myocardium. Tensile strength of the endo- and epicardium was significantly higher than that of the 1005 
mid-myocardium and sub-epicardium, but the VP was considerably stronger than any myocardium 1006 
layer. Similar results were gained for stiffness. Strain at rupture was in a range of 0.40-0.53 and did 1007 
not change from one layer to another. The higher th collagen content is, the stronger the strength at 1008 
rupture is [250]. 1009 
LV rupture threshold was studied by measuring the tensile strength of isolated infarcted 1010 
myocardial strips, the force required to induce a tar in the central infarcted region, as shown in Fig.1011 
11 and transmural pressure to rupture the infarcted LV after MI in rabbits. Late reperfusion 1012 
(performed at 3h of MI) of transmural infarcts raised more resistance to infarct tearing and LV rupture 1013 
in comparison with non-reperfused MI by 3d after MI [251]. Table 2 illustrates mean LV wall stress 1014 
at rupture and LV wall tensile strength. Both thresolds are very similar to each other in values.   1015 
In the mouse model, rupture developed in LV free wall at 2-6d, and the measured rupture 1016 
tension threshold was decreased to the minimum (40-60mN) at 3-4d from the maximum (110-120mN) 1017 
at baseline/0d [252]. The reason for this is the most thinning wall at 3-4d as shown in Fig. 12. 1018 
5 Discussions 1019 
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Myofibre and collagen fibre microstructures in MI zone are of vital importance in developing 1020 
constitutive laws for infarcted myocardium. Indeed, there have been a number of experimental studies 1021 
on this subject so far. Usually, MI is produced by blocking either LCX or LAD coronary artery. The 1022 
MI created by this approach is obviously very similar to the actual MI in patients. However, MI has 1023 
been created by using custom liquid-nitrogen-cooled cryoprobes as shown in [87], for example. The 1024 
infarct caused from a cryoprobe might differ from the infarct due to coronary artery ligation at 1025 
microstructure level of tissue. The scar tissue microstructures produced by different methods need to 1026 
be compared at various MI ages in the same animal model in the future. 1027 
Uniaxial and biaxial tensile tests on passive infarct, border and remote tissues at various MI 1028 
ages will form the basis for understanding of infarcted LV pumping function and development of 1029 
constitutive law as well as its validation. Unfortunately, the experimental data of uniaxial and biaxial 1030 
tensile tests on these tissues are lack, especially on large animal models and the human.  1031 
p-V curves in diastole are also necessary for validation of constitutive law for LV walls with 1032 
MI. However, their experimental data for the human are very less presently. In [253], a combined 1033 
pressure-conductance catheter is developed and can measure pressure and blood volume 1034 
simultaneously in a LV positioned, thus pressure-time profiles in the LV chamber can be obtained in 1035 
heart beating cycles. It is very hopeful that this catheter can find extensive applications in human LV 1036 
chamber pressure and volume measurements in the futur .  1037 
Active constitutive laws of LV myocardium with MI are equally important to quantitate 1038 
impaired LV pumping function after MI. However, experiments on active myocardium with MI have 1039 
drawn a little attention so far [211]. How the active contraction behaviour of myocardium with MI 1040 
changes with time after MI is unclear presently. 1041 
There is a viscoelastic property in healthy and infarcted myocardium [227] in a 5min time 1042 
scale, or a whole healthy LV in a 15min time scale, i.e. long-time scale [239]. In human cardiac cycle, 1043 
the time scale (<1s) is too much shorter than those tim  scales used in the experiments, whether the 1044 
viscoelastic property exists in myocardium in physiological heart beating time scale, i.e. short-time 1045 
scale, needs to be identified in the future. 1046 
Very recently, intra-myocardial biomaterial injection therapy has become a promising 1047 
technique for treating acute MI [254-256] and chronic heart failure [257]. How to in vivo characterise 1048 
temporal changes in material properties of infarct region with injected substances during diastole is 1049 
one of the key issues in assessment of the technique efficacy. An ultrasound [258-260] or MRI [261] 1050 
and FEM-based approach proposed might be a feasible method for this purpose.  1051 
Nonetheless, new non-invasive techniques such as tissue tracking [262], Xstrain 4D [263] and 1052 
CMR feature tracking [264] will add new content into biomechanics of infarcted myocardium in the 1053 
very near future. 1054 
6 Conclusions 1055 
31 | P a g e  
 
The experimental work in biomechanics of infarcted LVs has been reviewed at LV organ, 1056 
tissue and microstructure levels. MI histology, LV remodelling process and mechanisms, temporal 1057 
profiles of LV shape, volume, strain, regional function, p-V curves, pressure-length curves, passive 1058 
stress-strain/stretch curves, LV rupture and viscoelasticity after MI have been shown and made clear. 1059 
A few unsatisfactory research issues in experimental study on biomechanics of infarcted LVs have 1060 
been argued and a couples of further research topics were suggested. Microstructure of infarcted 1061 
cardiac tissue needs to be observed at microscale level intensively and to be correlated with passive 1062 
biomechanical property by using updated constitutive laws. Active contraction experiments on 1063 
infarcted myocardium are on demand to fully understand impaired LV pumping function and provide 1064 
essential data for cardiac cycle modelling. Pressure-volume curves of LVs with MI in diastole and 1065 
systole for the human are essential and desirable to validate new constitutive laws proposed for LV 1066 
walls with MI. 1067 
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Table 1  Cauchy stresses in remote and MI regions as a function of MI age at 
1.15 uniaxial stretch 
Infarct age 
Remote MI 
cσ (kPa) lσ  (kPa) cσ (kPa) lσ  (kPa) 
Control/normal 1.89±0.71 2.38±0.75 1.90±0.32 5.37±3.41 
4h 4.76±1.13 3.08±0.10 5.35±2.44 20.00±5.09 
1wk 5.86±0.66 10.93±2.29 17.02±1.16 30.47±4.50 
2wk 2.48±0.52 4.65±1.83 33.20±14.08 25.97±10.73 
6wk 1.62±0.43 3.02±0.83 11.34±4.63 5.22±2.83 
The experimental data are adapted from [227].  
Table 2  LV wall stress at rupture site and tensile str ngth at 1d after MI 
Infarct age 
LV wall stress (kPa) Tensile strength (kPa) 
Mean±SEM Sample size Mean±SEM Sample size 
Normal  2.5±0.02 9 2.3±0.03 8 
Septum 1.9±0.01 15 1.5±0.02 8 
Non-reperfused 2.4±0.04 5 2.4±0.03 12 
Reperfused 1.7±0.02 4 1.6±0.01 12 
The experimental data are adapted from [251].  
49 | P a g e
1718 
1719 
1720 
1721 
1722 
1723 
1724 
1725 
1726 
1727 
1728 
1729 
1730 
1731 
1732 
1733 
1734 
1735 
1736 
1737 
1738 
1739 
1740 
1741 
1742 
1743 
1744 
Fig. 1 
https://en.wikipedia.org/wiki/Myocardial_infarction#/media/File:Blausen_0463_HeartA
ttack.png 
Fig. 2  Collagen orientation histograms at 3wk after myocardial infarction of in 53 
Sprague-Dawley rat LVs, the pictures are after [87] 
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curves at various MI ages in the rat 
model 
Fig. 3  Four different groups of remodelling based on 12% change in ∆LVEDV 
and ∆LVESV between 5mth and 2d after acute MI [172] 
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Fig. 5  Pressure-length loops in terms of 
instant pressure and segment length 
from single cardiac cycle, SL∆ -phasic 
segment-length amplitude 
Fig. 6  Sketch of apparatus for uniaxial testing scar tissue elasticity and stretch, the 
pictures are from [245] 
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Fig. 7  Effect of reperfusion on tensile strength (rupture threshold) at 1 and 3wk after MI 
Fig. 8  Effect of reperfusion on stress-strain curve (a) and stiffness (b) at 3wk after MI, 
Scar and myocardium specimens were stretched and released by phasic physiological 
stretch at 4Hz 
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Fig. 9  Effect of reperfusion on viscoelastic properties at 3wk after MI, stress relaxation 
is expressed by the % decrease in stress from an initial stress level of 3g/mm2 at a 
constant length held for 5min, creep is considered th  % increase in length in 5min at a 
constant stress of 3g/mm2 
Fig. 10  Transverse images and rupture site of the LV of a 75-year-old with acute MI 
4days before death, (a) transverse images, (b) close-up view of the image with brackets 
to show rupture site(arrow), the pictures are from [247] 
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Fig. 11  Method for measuring of tear threshold of infarcted and normal LV myocardium, 
(a) LV in position, (b) completer tear, (c) partial tear, the pictures are adapted from [251]
Fig. 12  Measured rupture tension rupture of mice 129sv male mice and C57B/6J 
mice at various MI ages, the pictures are from [252] 
